As research and development of extreme ultraviolent lithography (EUVL) sources at 6.7 nm (which will be based on emission from ionised gadolinium) has already begun, reliable atomic data are required in order to determine the optimum plasma conditions. However, the complexity of the atomic structure means that ab initio levelresolved dielectronic recombination (DR) calculations are currently unavailable for the ions of interest. Here we report the first detailed calculation of the DR rate coefficients for the ground-state and first excited states of Pd-like gadolinium. Energy levels, radiative transition probabilities and autoionization rates of Ag-like gadolinium for [Kr] The DR rate coefficients obtained here are compared with radiative recombination and three-body recombination coefficients. The results show that the DR rate coefficient is almost an order of magnitude higher than the coefficients for the other two recombination processes combined at plasma electron temperatures around 110 eV, which suggests that the DR process is the dominant recombination mechanism for Pd-like gadoliinum in EUVL source plasmas.
I. INTRODUCTION
To keep pace with Moore's law, which envisages a doubling of component density on microprocessors every eighteen months predicated on a 40% reduction in size, plasmas containing gadolinium have been proposed as sources for next generation lithography. These plasmas emit strongly at wavelengths near 6.7 nm and will succeed the 13.5 nm sources currently being tested on high volume manufacturing tools which are based on emission from ionised tin [1] [2] . Use of 6.7 nm radiation will facilitate the production of feature sizes down to a few nm thus extending the applicability of Moore's law to semiconductor manufacturing for another ten to fifteen years. The choice of tin plasmas for 13.5 nm operation was based on their emitting intense resonance transitions from 4p 6 4d n -4p 5 4d n+1 + 4d n-1 4f transitions in Sn IX through Sn XIV which lie in the required spectral region [3] [4] . In the rare earths, because of the near constancy of the <4d|4f> overlap integral with increasing ionic charge, these transitions overlap in adjacent ion stages to yield a narrow intense unresolved transition array (UTA), consisting of tens of thousands of lines, the peak position of which is sensitive to atomic number and moves to shorter wavelengths as Z increases; in Gd it lies near 6.7 nm [5] [6] [7] . As a result, the brightest source at this wavelength has been identified as Gd where conversion efficiencies up to 1.8% of laser energy into emitted EUV radiation within a 2% wavelength band centred near 6.7 nm have been measured recently [8] . For a complete understanding of Gd plasma emission, reliable atomic data, such as energy levels, transition probalities and dynamic processes rate coefficients, are urgently needed. Reliable DR rate coefficients are crucial for the modeling of the ionization balance in plasmas. Recently, Fu et al. have studied the DR rate coefficients in Sn 10+ [9] and Sn 12+ [10] ions. They found that the DR process has significant influence on the plasma ionization balance. However, due to the complexity of the calculations, very few ab initio level-by-level DR calculations are available for Gd ions. In all reported studies of Gd plasmas, their emission is dominated by Ag-and Pd-like Gd XVIII and Gd XIX lines, i.e. the spectra containing fewest lines resulting from ions with either a closed outermost subshell or a configuration with a single electron outside a closed subshell, where the emission is not spread amongst many transitions [11] [12] . Recently, Safronova et al. studied the DR rate coefficients for Pd-like Xe [13] and W [14] which are important for extreme ultraviolent lithography and fusion applications, respectively.
In this paper, we report on the detailed calculation of DR rate coefficients for Pd-like gadolinium. The relativistic Flexible Atomic Code (FAC) [15] was used to calculate the atomic structure, radiative transition probablities and auto-ionization probablities. In Section 2, we briefly outline the theoretical methods used for the calculation of DR rate coefficients. The DR rate coefficients obtained are presented and compared with the three-body recombination (TR) and radiative recombination (RR) rate coefficients in Section 3.
II. THEORETICAL METHOD
The DR process can be described as the resonant capture of an incident electron by an ion, followed by radiative decay which competes with autoionization. The first step is the resonant capture process in which a free electron is captured by an ion while a bound electron is excited. For Pd-like Gd, taking the 4d subshell excitation as an example, the capture-excitation process can be schematically written as follows:
[Kr] 4d 10 + e → [Kr] 4d 9 n´l´nl, n´l´ = 4f, 5l, 6l,
It is the inverse process of autoionization, sometimes called dielectronic capture (DC), and the cross sections for DC can be obtained from the AI rates through the principle of detailed balance. The DC resonance strength, which corresponds to the integral of the DC cross section over incident electron energies, can be expressed as 
The first term in eq (3) represents the decay from autoionization states to singly excited states, known as resonant stabilizing transitions (RS). The second term represents the decays to doubly excited states which are below the ionization limit, knows as nonresonant stabilizing transitions (NRS). Another possible decay is to those lower states but still lie above the ionization limit and then further decay by either autoionization or spontaneous emission. Therefore, the radiation branching ratio for DR can be writen as (5). The last term in the denominator of this equation represents decays into autoionizing levels followed by radiative decay cascade (DAC) transition rates. However, as research results show, the DR rates are less affected by DAC for the heavy elements and thus can be neglected for most applications [16] . Disregarding DAC then leads to the following approximation for the DR branching ratio [16] :
Then the DR resonance strength can expressed as
In the isolated resonance approximation, assuming that the electron velocity distribution in the plasma is Maxwellian, the DR rate coefficients can be expressed as 
The contributions from higher n states are extrapolated up to n = 1000 using empirical scaling formulae [see Ref [13] [14] for details.].
In order to investigate the importance of DR on the plasma ionization balance, the corresponding three-body recombination (TR) and radiative recombination (RR) rate coefficients are also estimated by using formulae given by Colombant and Tonon [17] .
III. RESULTS AND DISCUSSION
In the present work, we report the results of detailed level-by-level calculations of the rate coefficients for DR through the following Pd-like gadolinium autoionizing innershell excited configuration complexes: 4d 9 4fnl, 4p 5 4d 10 4fnl, 4d 9 5l'nl, 4d 9 6l'nl (n ≤ 18, l ≤ 13). These resonant configurations are associated with the 0 n Δ = , 1 n Δ = and 2 n Δ = core excitations, respectively. The configuration complexes used here are similar to those in Safronova et al.'s work on Pd-like ions [7] [8] except that we have explicitly included the contribution from states resulting from 4p excitation.
Energy levels, radiative transition probabilities and autoionization rates of Ag-like gadolinium were calculated using the FAC code. The strongest lines with Q j > 5×10 12 s -1 for the 4d 9 4fnl and 4d 9 5l'nl complexes are presented in Appendix A and Appendix B for RS and NRS decay, respectively. 4d 10 nl -4d 9 4fnl transitions are nearly nindependent as n increases, so only those states with n ≤ 7 are shown for the 4d 9 4fnl
complex.
It should be noted that not all the above listed doubly excited states can autoionize. Many of the configurations considered are below the first ionization limit as shown in figure 1 .
A DR through the 4d 9 4fnl complexes
The partial DR rate coefficient for production of 4d 9 4fnl complexes is presented in figure 2 . It is shown that the relative contribution of these complexes to the total DR rate coefficient is greater than 69% at an electron temperature of around 110 eV, i.e., this complex gives the largest contribution to the total DR rate coefficient at 110 eV. For efficient EUV source operation this electron temperature is likely to be optimum in order to maximise conversion efficiency of input laser or discharge energy to EUV emission [18] .
As one can see from figure 1, the doubly excited 4d 9 4f 2 , 4d 9 4f5l(l≤3) and 4d 9 4f6l(l≤1)
configurations lie below the first ionization limit. Therefore, autoionizing intermediate states can be stabilized to these levels through nonresonant stabilizing transitions (NRS). Fow low-n´ (n´ = 5 -7) states, the DR rate coefficient shows a rather complex dependence on temperature at values lower than 100 eV. This behavior occurs because the presence of some autoionizing levels very close to the ionization limit can considerably enhance the DR rate. Actually, in the present case, the 4d 9 4f5g
configuration is the only intermediate state contributing to the DR rate coefficient as the other 5l states lie below the ionization limit as shown in figure 1 . The 4d 9 4f5g
configuration gives the biggest contribution in this complex for temperatures in the 3 -20 eV region. This behavior has been verified in recent research on the contribution of near threshold states to recombination [19] . In addition, the doubly excited 4d 9 4f(6d,6f) and 4d 9 4f7s configurations are partially autoionizing as some of the levels have energies below the ionization limit. As a result, the contribution of these levels is also very important, as we can seen from equation (3), since their resonant energies are quite small. The contribution of these low-n´ states are highlighted in figure 3 . The contributions from high-n´ states are expected to be negligible for plasma temperatures below 50 eV. However, as the temperature increases, the contribution from high-n´ states increases quickly and becomes nearly comparable to that from low-n´ states above 100 eV. 
Fig. 1 Energy levels of doubly excited configurations within the 4d

C DR through the 4d 9 5l´nl complexes
The partial DR rate coefficients for 4d 9 5l´nl complexes are given in figure 5 . The results show that these complexes contribute about 14% of the total DR rate coefficient at electron tempertures around 110 eV. That is to say this 1 n Δ = core excitation is very important in the DR process. At temperatures below 100 eV, the 4d 9 5l´5l configuration gives the dominant contribution.
For this complex, the 4d 9 5s5l(l≤3) and 4d 9 5s6l(l≤1) configuratons lie below the first ionization limit. 4d 9 5p5f dominates when the electron temperature is less that 10 eV, and 4d 9 5d 2 makes a sizable contribution in the 15-40 eV region. In addition, the 4d 9 5snl complexes have no autoionization channels, except for those connecting directly to the ground level of the Ag-like ion.
Fig. 5 Partial DR rate coefficients for 4d 9 5l'nl complexes
D DR through the 4d 9 6l´nl complexes
The partial DR rate coefficients for 4d 9 6l´nl complexes are given in figure 6 . All of these configurations lie entirely above the first ionization limit. The contribution from these complexes to the total DR rate coefficient is relatively small, about 0.09%, at an electron temperature around 110 eV. The dependence of partial DR rate coefficients on the temperature is quite regular for each of these configurations as all of their levels lie above the ionization limit.
In addition, it was found that contributions from 4s subshell excitations to the overall DR coefficient is less than 1.4% near 110 eV. Nevertheless, the partial rate coefficients for these are included in the total rate coefficients but we do not discuss them in more detail here. 
E The total DR rate coefficients
The resulting total DR rate coefficients are plot together with RS and NRS transitions in figure 7 . The NRS transitions are nearly comparable with RS around 100 eV.
Contributions from 4s core excitation are too small and did not show in the figure. This predicts that we can ignore the effects of 4s core excitation for Ag-like and Rhlike Gd. For 4p core excitation, direct calculation for n = 8 should be sufficient; higher n contributions can be calculated by the scaling formula.
Fig. 7 Contributions from the RS and NRS transition as well as different core excitations to total DR rate
F Influence of DR processes on ionization balance in plasma
The behaviour of the main recombination rate coefficients as a function of temperature is shown in figure 8 . The TR rate coefficients were calculated for two electron densities, n e1 = 10 20 cm −3 and n e2 = 10 19 cm −3 respectively, which are typical of electron densities encountered in laser produced plasma (LPP) and discharge produced plasma (DPP) EUVL sources. It is clear that the rate coefficient for DR is almost one order of magnitude greater than the rate coefficients for either of the other two recombination processes, RR and TR, near 110 eV. These results imply that DR will change the plasma ionization balance significantly. However, the DR process has been ignored in many collisional-radiative (CR) models either because of the complexity involved in calculating reliable data or because it was assumed that DR did not make a dramatic contribution in such plasmas. When considering relative ion abundances in Gd plasmas, the omission of DR will result in an underestimate of the plasma temperature. 
IV. Conclusion
In this paper, detailed calculations of the DR rate coefficients for Pd-like Gd have been presented. The total DR rate coefficient was compared with the three-body and radiative recombination rate coefficients and it was found that the DR process is the dominant recombination mechanism in Pd-like gadolinium and will influence the ionization balance in a Gd plasma. The rate coefficients calculated in the present work will be useful for modelling spectral emission in hot plasmas for EUV source development. DR rate coefficients for Ag-like and Rh-like gadolinium ions will be studied in a future work. strengths for RS decay for the 4d 9 4fnl and 4d 5 5l'nl levels. The states are denoted in jj coupling. 
